Abstract. Decreasing sea ice and increasing marine navigability in northern latitudes have changed Arctic ship traffic patterns in recent years and are predicted to increase annual ship traffic in the Arctic in the future. Development of effective regulations to manage environmental impacts of shipping requires an understanding of ship emissions and atmospheric processing in the Arctic environment.
measure ship emissions in the Arctic from land, marine, and airborne platforms are limited (Eckhardt et al., 2013; Aliabadi et al., 2015c; Marelle et al., 2015; Roiger et al., 2015) .
The sniffer method including plume intercepts above background values is commonly used to 55 study ship emissions factors, where the increase in concentration of pollutants compared to the background atmosphere can be observed (Berg et al., 2012; Balzani Lööv et al., 2014; Pirjola et al., 2014; Beecken et al., 2015) . One prior ship plume intercept study (described in Roiger et al., 2015; Marelle et al., 2015) has been performed in the European Arctic during summer, when ships operate in the open water (no sea ice operations). Due to the particular physical and chemical properties of the
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Arctic boundary layer, it is important to study ships operating in sea-ice and other Arctic conditions in order to compare ship emission and plume processing to results from studies at mid latitudes. Differences in background concentrations of reactive species in the atmosphere between high and mid latitudes, including gases and aerosols, may result in substantially different processing of ship pollutants in the Arctic. Furthermore, ship conditions when breaking and conducting operations within 65 sea ice are different, including partial engine load setting for speed reduction and ice breaking that could affect the emissions factors for pollutants significantly (e.g. Lack and Corbett, 2012) .
von Glasow et al. (2003) and Petzold et al. (2008) have used a power law relationship to model ship plume dispersion as a growing semi ellipse within the marine boundary layer. The plume growth rate has been successfully estimated for various ships in mid latitudes and found to be in a similar 70 range. Here, we use the same method to estimate plume expansion rates for the Arctic boundary layer. The cold and statically stable marine boundary layer in the Arctic, which is governed by effects of surrounding ice and small changes in solar zenith angle, is likely to impact dispersion and expansion of the ship plumes differently (Anderson and Neff, 2008; Aliabadi et al., 2015a, b) . Here, we use the same power law model in the Arctic and compare the predicted plume expansion with 75 prior studies using this method in the mid latitudes, with different boundary layer dynamics.
Many parameters change ship emissions factors including engine load, fuel type, and emissions abatement technologies. Ship speed reduction results in better fuel economy and lower CO 2 emissions, due to reduced drag on the ship hulls Lack and Corbett, 2012) . It also reduces particulate matter, BC, and NO x emissions factors in addition to reducing particulate mat-80 ter size Khan et al., 2012b; Petzold et al., 2010 Petzold et al., , 2011 .
On the other hand, operating ship engines at partial load increases Organic Carbon (OC), BC, and CO emissions factors Petzold et al., 2011; Jalkanen et al., 2012; Khan et al., 2012b; Lack and Corbett, 2012; .
Sulfur in ship fuels is primarily converted to SO 2 gas, increasing particle emissions by forming 85 secondary sulphates (e.g. Jalkanen et al., 2012; Lack and Corbett, 2012) . Lower sulfur content in ship fuels reduces particulate matter and BC emission factors (Lack et al., 2011; Petzold et al., 2011; Alföldy et al., 2013) , particle size (Lack et al., 2011) , and modifies the concentration of aerosols that serve as Cloud Condensation Nuclei (CCN) (e.g. Petzold et al., 2010). 3 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 -1032 Manuscript under review for journal Atmos. Chem. Phys.
Slide valves, water-in-fuel emulsion, diesel particulate filters, emulsified fuel, and sea water scrub-90 bing are key abatement technologies to reduce emissions factors for various pollutants (Corbett et al., 2010b; Lack and Corbett, 2012) . While effective in reducing emissions factors for certain species, these technologies cannot reduce all emissions factors simultaneously. Some remedies result in reduced fuel economy (higher CO 2 emissions) due to running auxiliary pumps and other equipment, while others reduce some emissions factors at the expense of increasing the others (Corbett et al., 95 2010b; Miola et al., 2010) .
Research objectives
In this study we use measurements from airborne plume intercepts to estimate emissions factors for the Amundsen ship, while operating in the Arctic and burning low sulfur fuel, for gaseous and particle pollutants. In addition, we study the geometrical evolution of the Amundsen's plume in 100 the Arctic marine boundary layer. We compare these observations to other similar studies in mid latitudes. The first plume measurement was carried out on 19 Fuel Standard).
Airborne measurements
The airborne instrument platform was the Polar 6 aircraft, a DC-3 converted to a Basler BT-67, owned and operated by the German Alfred Wegener Institute -Helmholtz Center for Polar and Marine Research ( Fig. 1) (Leaitch et al., 2015) . Below, experimental methodologies for the measure-120 ments of state parameters and meteorology, gas phase, and particle phase pollutants are presented.
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Gas phase measurements
Trace gas CO 2 measurement was based on infrared absorption using a LI-7200 enclosed CO 2 /H 2 O
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Analyzer from LI-COR Biosciences GmbH. In-situ calibrations during the flight were performed on a regular time interval of 15 to 30 min using a NIST traceable calibration gas with a known CO 2 concentration at atmospheric levels. The uncertainty for the measurement of CO 2 is 0.3 ppmv relative to the standard. Trace gas CO was measured with an Aerolaser ultra fast carbon monoxide (CO) monitor model AL 5002 based on VUV-fluorimetry. The same in-situ calibrations during 140 inflight were performed. The calibrations and zero measurements allowed for corrections of instrument drifts increasing the stability and accuracy of the instrument, thus leading to an uncertainty of ±2.3 ppbv relative to the standard.
Trace gas NO x measurement was based on chemiluminescence using a Thermo Scientific 42i NO−NO 2 −NO x analyzer with a time resolution of 1 s and an uncertainty of 0.4 ppbv. in the laboratory prior to integration of the instruments on the aircraft and again with instrumentation in the aircraft at Resolute Bay. Full discussions can be found in the study by Leaitch et al. (2015) .
Particle size distribution for particle diameters greater than 0.25 µm was measured using a Sky
Optical Particle Counter (OPC model 1.129). Measurements were based on 90
• scattering light and a time resolution of 6 s. The accuracy is ±3 % at 1 sigma confidence. These measurements are 170 referred to as OPC hereafter.
The refractory black Carbon (rBC) was measured using a single particle soot photometer (SP2) from DMT Boulder. The SP2 (Schwarz et al., 2010) is an instrument able to evaluate individual aerosol particles for the rBC mass content, size and mixing state based on the laser-induced incandescence method and can gather information on the scattering part of the aerosol ensemble. The time 175 resolution was 1 s and the measurements are referred to as SP2 hereafter.
Particle sampling is described in full detail by Leaitch et al. (2015) and was performed so that the efficiency of particle transmission to instruments would be close to 100 % for particles from 20 nm to 1 µm in diameter.
Power law model for plume growth
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The methodology of von Glasow et al. (2003) describes plume dispersion with a power law which models plume dimensions in horizontal (w pl ) and vertical (h pl ) directions.
with w 0 and h 0 being plume dimensions at reference time (t 0 = 1 s) and α and β being plume expansion rates in the horizontal and vertical directions. A convenient and practical way to fit for plume expansion rates is to intercept a portion of the plume and measure the mixing ratio of a chemically inert species in the plume such as CO 2 . Assuming uniform dilution of such species in the plume, it is possible to derive a relationship between the species mixing ratio in the plume (c pl ) and expansion rate coefficients (α and β),
where c bgd is the background mixing ratio of the species and γ is either α+β for plumes not reaching marine boundary layer or α for plumes that evolve after reaching the top of the marine boundary and multiple measurements at various distances from the source are necessary to arrive at a better estimate for the plume expansion rate.
Estimation of plume age
Plume age can be estimated by the aircraft measurements. For this, plume intercepts are first mapped 205 on a latitude/longitude plot. This provides a scatter plot to which a plume center line is fitted with a high order polynomial. The wind measurements on board of the aircraft closest to each point on the center line are then used to estimate wind velocity along the fitted plume center line. This methodology enables plume age estimation at each intercept by calculating the time it takes for the plume center line to reach the nearest location to the intercept using the following formula
which is a line integral starting from the plume center line origin (l = 0) to the nearest plume intercept on the center line (l = L). U (l) is the estimated horizontal wind speed along the plume center line.
Emissions factors per kilogram of fuel burnt
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A common method to calculate emission factors (EF) in [g kg − diesel −1 ] is the net peak area method using the CO 2 balance concept (Hobbs et al., 2000) . For a pollutant measurement in units of [ppb] , the molecular weights of carbon and a gaseous pollutant species of 7 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 -1032 Manuscript under review for journal Atmos. Chem. Phys. Published: 25 January 2016 c Author(s) 2016. CC-BY 3.0 License.
interest are considered. Given the carbon mass percent in diesel fuel (87 ± 1.5 %; (Cooper, 2005) ), the emissions factor for species X can be expressed as,
where C() represents the mixing ratio of species above background levels integrated over time for an entire peak and M W stands for molecular weight, which for carbon is 12. EF can be estimated at a reference customary plume age or as an average for all plume encounters.
For pollutant measurement in units of mass concentration (e.g. [µg m −3 ]), EF can be estimated us-
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ing the same methodology, however, the molecular weight of the pollutant is not necessarily needed since the measurement in units of mass per volume is already available ,
where the constant 1620 [g µg 
Similarly, if a modal emissions factor with units of 
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The calculated EF for conserved pollutants, such as CO 2 , is constant and not a function of plume age.
However, for other pollutants it may increase (production) or decrease (consumption) as a function of plume age. Due to limited number of plume intercepts in this study, we compute average emissions 245 factors for all plume intercepts.
FLEXPART-WRF plume dispersion modeling
In order to study, the dispersion of ship emissions in the Polar boundary layer, we use the FLEXPART-WRF model (Brioude et al. (2013) , website: flexpart.eu/wiki/FpLimitedareaWrf), a Lagrangian particle dispersion model based on FLEXPART (Stohl et al., 2005) . FLEXPART-WRF is driven by Table 2 of 270 Wentworth et al., 2015) , in order to refine forecast meteorology and to interpret campaign data. The quality of the WRF predicted meteorology has been evaluated using measurements made on-board both the research aircraft and ship, indicating the forecast accurately predicts the meteorological situation during plume sampling (flight tracks shown in Figure 2 ). Surface wind speed and wind 9
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We also characterize boundary layer dynamics using balloon soundings launched from the ship at 2c). We also, however, note that WRF model does perform better than the ECMWF analysis (wind speed and wind direction) for this flight. The boundary layer is statically stable and the boundary layer height is calculated from measurements to be 387 m and 177 m for plume 2 and 3 studies, respectively, using the method of bulk Richardson number developed by Mahrt (1981) and later used by Aliabadi et al. (2015a) . Vertical gradients in potential temperature and wind speed show that 295 the emissions are predicted to be mixed into a shallow boundary layer on all three days, both during operations in the open water (plume 1) and within sea ice (plumes 2 and 3).
Ship operating conditions
It is known that both ship speed and engine load influence total fuel burned and emission factors.
For the Amundsen, ship speed is not directly correlated with engine load for two reasons. First,
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the Amundsen operates on a diesel-electric system, which could provide propulsion power using electricity while the engines are off or operating at partial load. Second, because of the specifics of ships operating in the Arctic within sea ice, even during stationary conditions, the engine may be running to power ice breaking operations. The average ship speed during plume 1, 2, and 3 studies were 3.23±0.25 kts, 1.31±1.92 kts, and 0.09±0.30 kts, respectively. The variation in ship speed is 305 calculated using one standard deviation, noting that both plume 2 and 3 studies involved ice breaking.
FLEXPART-WRF ship plume modeling
In order to show the relationship between the emissions from the ship ( 
Ship plume pollutant identification
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Plume intercepts have been identified using the methodology of Petzold et al. (2008) where a statistically significant change in mixing ratio of a non-decaying gaseous pollutant with respect to background has been observed. Figure 8 shows an example time series where pollution peaks in the plume are evident. This time series is used to identify the location and timing of ship plume crossings (shown in Figure 6 ), which is also referred to as an excess or peak event. To identify plume crossings 335 the NO x mixing ratio with a threshold of 2 ppb has been used, which was preferred over CO 2 due to unpredictable background variations in the CO 2 mixing ratio. In this method, the background for NO x mixing ratio was computed by averaging three consecutive measurements before and after the threshold. Once time stamps for NO x peak events were identified, all other pollutant peaks were identified using these times, without the need for a threshold. A time shift between peak events was 340 expected between the reference instrument (NO x ) and any other instrument since they sampled air at different locations on the sampling line. This shift was identified and corrected by maximizing the coefficient of determination (R 2 ) for the 1-1 mixing ratio plots between a pair of instruments.
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Analytical model of ship plume expansion
Using airborne meteorological and CO 2 mixing ratio measurements, the power law plume expansion 345 model (eq. 1 and e.q. 2), and the estimated plume age (eq. 3), the plume geometrical evolution can be explained for all of the plumes. In this calculation, the vertical variations in wind speed and direction are accounted for. Using the methodology in section 2.2.5 a plume age could be assigned to n = 6 data points for plume 1, n = 7 data points for plume 2, and n = 18 data points for plume 3 studies. Figure 9 shows the measured expansion rates for these data points. The expansion rate of previous studies also in mid latitudes. Our lower expansion rate suggests that ship plumes in the Arctic marine boundary layer mix with the background to a lesser extent compared to mid latitude due to the statically stable conditions.
3.6 Changes in gas mixing ratios and particle concentrations 3.6.1 Gas Pollutants 360 Figure 10 shows the scatter plot for excess gas pollutants versus excess carbon dioxide. In all three instances, excess carbon monoxide and nitrogen dioxide correlate with excess carbon dioxide, while ozone titration accounts for a negative correlation between excess ozone and excess carbon dioxide.
Given the lower detection limit of the instrument, there was no trace of SO 2 in the plume as measured by the aircraft. It has been verified by SO 2 measurements on-board of the ship that the mixing ratios 365 were below 2 ppb, indicating that the exhaust after treatment on the Amundsen effectively removes this species (Wentzell, 2015, Personal Communication) . Table 1 shows the results for linear regression analysis for excess gas pollutants versus excess carbon dioxide. The only insignificant coefficient of determination belongs to excess carbon monoxide in plume 1. The regression slope (b) for excess oxides of nitrogen in plume 1 is a factor of 2 less than 370 plumes 2 and 3, attributed to ice-breaking conditions, and hence higher engine temperature (but not necessarily engine load), during plume 2 and 3 studies. Figure 11 shows the scatter plot for excess particle concentrations versus excess carbon dioxide. A correlation is noticeable for all instruments. The SP2 instrument was not functional during plume 375 3 study. Table 2 shows the results for linear regression analysis for excess particle concentrations versus excess carbon dioxide. The regression slope (b) for plume 1 associated with CPC, OPC,
Particle Pollutants
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UHSAS, and CCN concentrations are factors of 5, 4-10, 2-3, 2-5 higher than plumes 2 and 3. This may be related to possible higher engine load (also vessel speed), but lower engine temperature according to section 3.6.1, for this plume. 
Emissions factors
Emissions factors (EF) in the literature are reported in different ways. Some studies report EF for one ship or a fleet of ships operating under various engine loading conditions or fuel types Lack et al., 2011; Khan et al., 2012a; Alföldy et al., 2013) . Another common approach is to group EF based on vessel gross tonnage in HSD: high speed diesel < 5000 t, MSD: medium 385 speed diesel 5000−30000 t, or SSD: slow speed diesel > 50000 t categories (Lack et al., 2008 Williams et al., 2009; Diesch et al., 2013; Buffaloe et al., 2014) . The other approach is to report EF for a single ship operating on specific fuel type as a function of engine load Petzold et al., 2010 Petzold et al., , 2011 Khan et al., 2012b; .
Gas pollutants
390 Figure 12 and Table 3 show emissions factors for NO x in this study in comparison to other studies in the literature. EF NOx is expected to increase for engines operating at higher temperatures (thermal NO x ) (Sinha et al., 2003; Diesch et al., 2013; . Higher engine loads have been shown to increase EF NOx Petzold et al., 2011; Khan et al., 2012b; . Increasing gross tonnage has also been shown to result in higher EF NOx 395 Diesch et al., 2013) . EF NOx in this study is in good agreement with other studies particularly for low engine loads and HSD-MSD vessel categories. However there is an increase in EF NOx by a factor of 3 for plumes 2 and 3 compared to plume 1. This suggests that icebreaking during these two plumes resulted in higher engine temperatures that correspondingly increased EF NOx . Figure 13 and Table 4 show emissions factors for CO in this study in comparison to other studies 400 in the literature. Emissions factors for carbon monoxide (EF CO ) are expected to drop with increasing ship engine load (speed) Moldanová et al., 2009; Agrawal et al., 2010; Petzold et al., 2011; Jalkanen et al., 2012; Khan et al., 2012b; . EF CO in this study is in good agreement with other studies for which the vessel speed is very slow.
Particle pollutants
405 Figure 14 and Table 5 show emissions factors for rBC in this study in comparison to other studies in the literature. It is important to realize that estimates for BC measurements significantly depend on the methodology used, so caution should be used in interpreting data. For example, refractory derived SP2 measurements of BC underestimates BC emissions by a factor of about 2 relative to other techniques, likely due to methodological limiations, such as the limited range for particle 410 detection (60 nm < d p,V ED < 300 nm) (Buffaloe et al., 2014; , and so where 13 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 -1032 Manuscript under review for journal Atmos. Chem. Phys. Published: 25 January 2016 c Author(s) 2016. CC-BY 3.0 License.
possible, combining multiple measurement techniques for BC is desirable. With this consideration, our estimated EF rBC is in good agreement with other studies with low engine loading . The effect of engine load on EF rBC has been debated in the literature. While Agrawal et al. (2008); Petzold et al. (2010 Petzold et al. ( , 2011 Khan et al. (2012b) find increasing emissions factors by 415 decreasing engine loading, find the opposite trend. Figure 15 and Table 6 show emissions factors for total particle count in this study in comparison to other studies in the literature. The caveat in this comparison is the difference in lower size limit for CPC measurements. For this purpose, we have provided lower size limits for other studies. Regardless, EF CPC for plume 1 is higher by a factor of 4 compared to plumes 2 and 3. This suggests 420 that higher engine loading results in higher EF CPC . This is in agreement with studies by Petzold et al. (2010); although the study by Petzold et al. (2011) has found decreasing EF CPC with increasing engine loading. Figure 16 and Table 7 show emissions factors for cloud condensation nuclei in this study in comparison to other studies in the literature. The caveat in this comparison is the difference between 425 supersaturation (SS) for CCN measurements. For this purpose SS is provided for other studies (see Table 7 ). EF CCN for the Amundsen is comparable to other studies at low engine load conditions and similar SS . The low EF CCN can be justified by the fact that there was no measurable SO 2 in the plumes, given the lower detection limit of our instrument, due to effective exhaust after treatment to remove this species. This suggests why CCN levels are reduced 430 due to lack of sulphates and that the reduced CCN activity limits the ability of particles to influence clouds.
Conclusions and future work
In an effort to understand ship emissions and processing in the Arctic environment, the plume dispersion and emission factors from the Canadian Coast Guard Amundsen icebreaker were quantified to similar experimental studies in mid latitudes.
14 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 -1032 Manuscript under review for journal Atmos. Chem. Phys. The difference in plume expansion rate compared to mid latitude observations is attributed to unique physics of the Arctic boundary layer, which is characterized by reduced turbulent mixing due to the thermally stable boundary layer. In addition, ship operation at partial engine load and 460 icebreaking mode contribute to different emission factors compared to cruising conditions.
One limitation of this study was that the Amundsen plume was not intercepted at higher engine loads near cruising conditions. Future studies should measure the emission factors and plume geometrical evolution under such conditions to provide a more complete understanding of plume chemistry and physics over the Arctic marine boundary layer. 
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